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Effect of oxygen on the electronic band structure in ZnO xSe1Àx alloys
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The effect of alloying small amounts of ZnO with ZnSe on the electronic band structure has been
studied. Optical transitions in molecular-beam-epitaxy-grown ZnOxSe12x epitaxial films (0<x
<1.35%) were investigated using photoreflectance and photoluminescence spectroscopies. The
fundamental band-gap energy of the alloys was found to decrease at a rate of about 0.1 eV per
atomic percent of oxygen. The pressure dependence of the band gap was also found to be strongly
affected by O incorporation. Both the effects can be quantitatively explained by an anticrossing
interaction between the extended states of the conduction band of ZnSe and the highly localized
oxygen states located at approximately 0.22 eV above the conduction-band edge. ©2003
American Institute of Physics.@DOI: 10.1063/1.1592885#
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Highly mismatched semiconductor alloys~HMAs! in
which the constituent anion elements is replaced by an
ment with highly dissimilar properties are currently attra
ing considerable attention. The electronic properties
HMAs deviate drastically from the predictions of the virtu
crystal approximation~VCA!.1,2 The most extensively stud
ied HMAs to date are III-N-V alloy systems. It has bee
found that the substitution of the group V element in gro
III-V compounds with small amounts of nitrogen leads
dramatic changes of the electronic properties, resulting
reduction of the fundamental band-gap energy as oppose
the increase predicted by the VCA,3,4 significant increase in
electron effective mass and decrease in electron mobility5–7

and the appearance of a new optical transition (E1) from the
valence band to the conduction band at theG point.8,9As one
quantitative example, the incorporation only 1% of nitrog
into GaAs can induce a strikingly large reduction of 0.18
in the fundamental band-gap energy.10

Similar effects have also been observed recently
group II telluride compounds alloyed with Se, S, or
atoms.11,12 So far, due to the limited solubility of oxygen i
II-VI compounds, the group II-O-VI alloys were synthesize
by ion implantation only. A disadvantage associated with t
synthesis method is that it is difficult to determine the co
centration of the substitutional oxygen atoms. In this let
we show that the recent success in growth of high qua
ZnOxSe12x alloys using molecular beam epitaxy~MBE!
makes it possible for us to carry out a systematic study of
effect of oxygen incorporation on the electronic band str
ture of this representative material in the group II-O-
HMAs, as well as to derive energy position of the localiz
O state in ZnSe and its pressure dependence from the ex
mental results based on a band anticrossing model.

a!Electronic mail: WShan@lbl.gov
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The ZnOxSe12x samples used in this study were grow
on GaAs~100! substrates by MBE with the growth temper
ture of 350 °C. Before the growth of ZnOSe epitaxial films
100-nm-thick ZnSe buffer layer was deposited on the s
strates. The O content in the alloy layers was controlled
varying the O2 flow rate to a rf oxygen plasma source. Th
ZnOSe layer thickness is around 600 nm for all the samp
The oxygen concentration in the films was determined
suming Vegard’s law using lattice constants determined fr
the double-crystal x-ray diffraction rocking curves measu
in the ~400! and ~511! planes.13 The uncertainty of O com-
position is about 20%.

Photoreflectance~PR! and photoluminescence~PL! mea-
surements were carried out to measure the band-gap en
of the ZnOxSe12x samples at room temperature~295 K!. For
PR measurement, quasimonochromatic light from a xe
arc lamp dispersed by a 0.5-M monochromator was focu
on the samples as a probe beam. A chopped HeCd laser b
~3250 Å! provided the photomodulation. The PR signa
were detected by Si photodiode using a phase-sens
lock-in amplification system. For PL measurements,
same HeCd laser line was used for excitation and lumin
cence signals from the samples were dispersed by a
double-grating monochromator and detected by a photom
tiplier tube. Application of hydrostatic pressure was acco
plished by mounting small sample chips with sizes of;200
3200 mm2 into gasketed diamond anvil cells.

Figure 1 shows PR spectra from the ZnOxSe12x samples
used in this work. In each case, the derivative-like spec
features correspond to the optical transitions from
valence-band edge to the conduction-band edge in
samples, and provides a direct measure of the band-gap
ergy. Thus, as is clear from Fig. 1, the band gap of
samples shifts toward lower energy with increasing O c
centration. The increasingly broadened PR spectral feat
are commonly observed in semiconductor alloys and can
© 2003 American Institute of Physics
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partially attributed to the spatial fluctuation of the O comp
sition in the samples.

Plotted in Fig. 2 are the band-gap energies of
ZnOxSe12x samples as a function of O concentration. T
energy gap for each sample was determined by fitting
corresponding PR spectral curve related to the transi
from the top of valence band to the bottom of the conduct
band to the line shape functional form of three-dimensio
interband transitions.14,15 It decreases at a rate of about 0
eV per atomic percent of oxygen. This large O-induc
band-gap reduction indicates a large band-gap bowing
bears a close resemblance to the analogous effects that
been extensively studied in GaNxAs12x and
Ga12yInyNxAs12x HMAs (x,0.05), where the band-gap re
duction caused by N has been successfully explained b
band anticrossing~BAC! model.8,16 Thus, we use that mode
here to discuss present results. The BAC model consider
anticrossing interaction of highly localized states introduc
by more electronegative, isoelectronic atoms with the
tended conduction-band states of a semiconductor ma

FIG. 1. PR spectra taken from ZnSe12xOx samples at 295 K. The curves ar
vertically displaced for clarity. The weak features near 2.7 eV are PR sig
from ZnSe buffer layers.

FIG. 2. Band-gap energies of ZnSe12xOx samples as a function of oxyge
concentration. The solid line is the best fit using the BAC model.
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that leads to a characteristic splitting of the conduction ba
into two nonparabolic subbands with the energy edges gi
by the expression

E6~k!5@EO1EM~k!6$@EO2EM~k!#2

14COM
2 x%1/2#/2, ~1!

where EM(k) and EO are the energies of the unperturbe
conduction-band edge and of the localized state relative
the top of the valence band, respectively, andCOM is a pa-
rameter describing the hybridization between the localiz
states and the extended states. The energy positions o
subband edgesE2 andE1 depend on the interaction param
eterCOM and the energetic location ofEO with respect to the
conduction band edgeEM . The solid line in the figure is the
best fit using Eq.~1! to the experimental data usingCOM and
EO as adjustable parameters; the fit to the data is excellen
is clear that the large reduction of the fundamental band
in ZnOxSe12x with the increasing O concentration can b
attributed to the downward shift ofE2 relative to the valence
band as a result of band anticrossing. The theoretical fit
results yield the energy position of O levelEO52.9060.02
eV and the interaction parameterCOM51.860.3 eV.

To further demonstrate that the band-gap reduction
served in the ZnOxSe12x samples results from the band a
ticrossing effect, we have also used PL to measure the en
positions of the optical transition associated with the fun
mental band gap in a ZnSe0.9915O0.0085 sample as a function
of applied hydrostatic pressure. The results are shown in
3, along with the known pressure dependence of PL featu
from thick ZnSe epilayers grown on GaAs substrates.17 The
pressure-induced energy shift of the optical transition rela
to the direct band gap of the sample is weaker and m

ls

FIG. 3. The effect of applied pressure on the energy of optical transiti
associated with the direct band gap of a ZnSe0.9915O0.0085sample. The solid
line is the calculated result using the BAC model.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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more nonlinear than in ZnSe. This indicates that the appl
tion of high pressure gradually changes the character of
conduction-band edge (E2) from extended-like to localized
like. The solid line in the figure is the pressure dependenc
the PL transition that corresponds to the change of the b
gap of the sample calculated using Eq.~1!. The best agree
ment with the experimental results was achieved for the
ergy levelEO with a pressure dependence of 20 meV/PG
This derived pressure coefficient for the O level is consist
with the results of pressure dependent absorption meas
ments in ZnTe:O.18

It is very interesting to note that the determined ene
location of the O level in ZnSe can be used to evaluate ba
edge offsets between ZnTe and ZnSe. It has been well es
lished that the energy levels of highly localized states
independent of the host material. For example, the locat
of the d-states of transition metals, have been used to d
mine the band edge offsets19 and the band-edge deformatio
potentials in compound semiconductors.20 The O level was
previously found to locate at about 0.24 eV below t
conduction-band edge in ZnTe.11 Combining this with our
current result of 0.22 eV above the conduction-band edg
ZnSe for the O level, it yields a value ofDEc'0.46 eV for
the conduction-band offset andDEv'0.9 eV for the valence-
band offset for ZnTe/ZnSe system.

Finally, it has to be pointed out that the absence of sp
tral features related to the optical transition associated w
the conduction-band edgeE1 is not inconsistent with the
BAC model. Note that theE1 band edge is of mostly
localized-like character, and since the dipole interaction
optical transitions couples much more strongly to exten
states than localized states, the transition related toE1 is
inherently weak. In addition, the energy separation betw
E1 and E2 and the oscillator strength ofE1 transition de-
pend on the O content and the coupling parameter. In
case of GaNxAs12x , with CNM52.7 eV, theE1 transition
can be spectrally observed only at the range
x.0.005;0.008.9,21,22 This indicates that, with an almos
two times smaller coupling parameter ofCOM'1.8 eV in
ZnOxSe12x , it will certainly require an alloy composition o
x.0.2 to resolveE1-transition related spectral feature.

In conclusion, we have studied the effect of oxygen
the electronic band structure of ZnOxSe12x alloys by inves-
tigating the optical transitions associated with theG point at
the conduction-band and the valence-band edges, as we
the dependence of the transitions on applied pressure.
ZnOxSe12x alloy samples were found to have a significa
band-gap reduction and to exhibit a classical ba
anticrossing behavior in the composition and pressure de
Downloaded 20 Aug 2004 to 136.142.113.16. Redistribution subject to AI
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dence of the fundamental band gap. These experimenta
sults confirmed that replacing Se anions in ZnSe w
isoelectronic but more electronegative O atoms does for
highly mismatched alloy system with the properties ana
gous to the extensively studied III-N-V materials. Th
O-induced modification of the conduction-band structure c
be well described using the band anticrossing model that
been applied to the III-N-V alloys.
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